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Introduction
The objective of this quality-affecting task is to evaluate the susceptibility of spent nuclear fuel
cladding materials (zirconium alloys) to stress corrosion cracking (SCC), delayed hydride cracking
(DHC) and localized corrosion (pitting/crevice) in simulated repository environments. During the first
year of this project, major efforts were focused on developing the infrastructure for performing the
desired testing involving two highly corrosion-resistant alloys namely, zircaloy-2 (Zr-2) and zircaloy-4
(Zr-4) in simulated concentrated acidic water (SAW) and modified SAW (SAWM). Modification of
the SAW chemistry was done by adding hydrochloric acid (HC1) to achieve lower pH. The
construction of the "Materials Performance Laboratory (MPL)" having numerous research capabilities
was completed in May 2002. Subsequently, testing was initiated in MPL to evaluate the SCC, HE, and
localized corrosion behavior of both zirconium (Zr) alloys in SAW and SAWM environments.
Substantial data have been generated since then, that may be utilized in reducing uncertainties in
cladding models of TSPA-LA and in addressing DOE/NRC agreements for CLST KTI, sub-issue 3.
The data generated may also be used in AMR entitled "Clad Degradation - Summary and Abstraction,
ANL-WIS-MD-000007."
Materials and Experimental Procedures
Cylindrical smooth and notched tensile specimens (4-inch length, 1-inch gage length and 0.25-inch
gage diameter) of Zr-2 and Zr-4 were machined by a qualified vendor using annealed bar stocks.
These specimens were fabricated in such a way that the gage section was parallel to the longitudinal
rolling direction. The notched tensile specimens were fabricated by machining a V-shaped notch
having an angle of 60° and a maximum depth of 0.05-inch around the diameter at the middle of the
gage section. The ambient temperature mechanical properties were determined by using these tensile
specimens in an MTS machine. The chemical compositions of the tested materials and their ambient-
temperature mechanical properties are given in Tables I and II, respectively.
Table I
Chemical Composition of Zirconium Alloys Tested (Major Elements only)
Material / Heat No.
Zircaloy-2/ 242831
Zircaloy-2 / 243528
Zircaloy-4/ 242731
Zircaloy-4/ 243 195
Elemental Analysis (wt %)
Cr
0.10
0.10
0.12
0.12
Fe
0.182
0.185
0.217
0.225
Ni
0.070
0.067
-
-
Fe+Cr
-
-
0.340
0.342
Fe+Cr+Ni
0.352
0.355
-
-
O
0.1277
NA
0.130
0.132
Sn
1.298
1.272
1.312
1.283
Zr
Balance
Balance
Balance
Balance
NA: Not Available
For Information Only. Vendor Test Material Certificate-Accession Numbers: MOL.20030120.1900,
MOL.20030318.0019
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Table II
Ambient-Temperature Mechanical Properties of Zirconium Alloys Tested
Material /
Heat No.
Zircaloy-2 /
242831
Zircaloy-2 /
243528
Zircaloy-4 /
243195
Zircaloy-4 /
242731
Vendor Certification: Wah Chang
Yield
Strength
(ksi)
53.25
53.38
55.10
49.80
Ultimate
Tensile
Strength (ksi)
78.7
79.12
79.6
78.1
%E1
27.5
27.2
23.9
28.5
%RA
NA
NA
58.3
NA
Lab-Generated Data:UNLV
Yield
Strength
(ksi)
54.5
NA
55.7
NA
Ultimate
Tensile
Strength(ksi)
78.1
NA
78.7
NA
NA: Not Available
For Information Only. Vendor Test Material Certificate-Accession Numbers:
MOL.20030120.1900,MOL.20030318.0019
Data Source: DID #032HA.001
The susceptibility of Zr-2 and Zr-4 to SCC in SAW and SAWM environments was evaluated by using
both constant-load and slow-strain-rate (SSR) testing techniques at ambient and elevated temperatures.
Constant-load SCC testing was performed at 27 °C and 90°C. Tests were also conducted at 60°C under
SSR condition in addition to these two temperatures. The compositions of the two test solutions are
given in Table III. For constant-load testing, a calibrated proof ring was used, as shown in Figure 1.
The amount of deflection needed to apply the desired load was determined by use of the calibration
curve of the proof ring. The magnitude of the applied stress was based on the ambient temperature
tensile yield strength (YS) of these materials. Specimens were loaded at stress values equivalent to
different percentages of the individual material's YS value, and the corresponding time-to-failure
(TTF) was recorded. The determination of SCC tendency using this technique was based on the TTF
for the maximum test duration of 30 days. An automatic timer attached to the test specimen recorded
the TTF.
Table III
Composition (gram/liter) of Test Solutions
Environment (pH)
SAW (5.99/7.25)
SAWM (1.98/2.76)
CaCl2
2.769
K2S04
7.577
MgSO4
4.951
NaCl
39.973
NaNO3
31.529
Na2SO4
56.742
Same as above except for an addition of HC1 to adjust the desired pH range
Accession Number: MOL.20030816.0078
Title: Delayed Hydride Cracking of Spent Fuel Cladding under Repository Conditions
Document No.: TR-03-010/Rev. 0 Page: 4 of 16
A - Dial Gage
B-Proof Ring
C - Test Specimen
I) - Hnvirtmmental Chamber
Figure 1. Constant Load SCC Test Setup
During SSR testing, the specimen was continuously strained in tension until fracture, in contrast to
more conventional SCC test conducted under a sustained loading condition. The application of a slow
dynamic straining (3.3 xlO"6 sec"1) to the specimen caused failure that probably might not occur under
a constant load or might have taken a prohibitively longer duration to initiate cracks in producing
failures in the tested specimens. The SSR test setup is shown in Figure 2.
A -LVDT
B - Top Actuator
C - Environmental Chamber
D - Boltom Actuator
Figure 2. Slow-Strain-Rate SCC Test Setup
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For SCC testing under a constant loading condition, the cracking susceptibility was generally
expressed in terms of a threshold stress (ath) below which cracking did not occur during the maximum
test duration of 30 days. With SSR testing, a similar approach cannot be used since the test specimen
is subjected to a continuously changing stress during straining. Therefore, the cracking tendency in
SSR tests was characterized by the TTF, and a number of ductility parameters such as the percent
elongation (%E1) and the percent reduction in area (%RA). Further, the maximum stress (am) and the
true failure stress (df) obtained from the stress-strain diagram were taken into consideration.
The susceptibility of Zr-2 and Zr-4 to pitting and crevice corrosion was determined by performing
cyclic potentiodynamic polarization (CPP) experiments in SAW and SAWM environments using
EG&G Model 273A potentiostats and small cylindrical specimens (Figure 3). A three-electrode
polarization technique was used. At the onset, the corrosion potential (Ecorr) of the test specimen was
determined with respect to a saturated calomel electrode (SCE), followed by forward and reverse
potential scans at the rate of 0.17 mV/sec. The magnitudes of the critical pitting potential (Epjt) and the
protection potential (Eprot), if any, were determined from the CPP diagram.
Figure 3. Electrochemical Polarization Test Setup
The susceptibility of Zr-4 to DHC was evaluated by applying controlled cathodic potential (Econt) to the
tensile specimen under a SSR condition. The magnitude of Econt was based on the measured Ecorr value
in a similar testing environment. Different negative potentials with respect to the Ecorr value were
applied in these tests.
The metallurgical micro structures of both tested materials were evaluated by optical microscopy. The
extent and morphology of cracking, if any, experienced by the failed tensile specimens were analyzed
by scanning electron microscopy (SEM). The nature of the localized attack in the polarized specimens
was visually examined.
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Results and Discussion
Neither Zr-2 nor Zr-4 smooth tensile specimens exhibited any SCC failure in constant-load tests in
either environment at applied stresses up to 95 percent of the materials' YS values. The overall results
of constant-load SCC testing are shown in Table IV. The presence of a notch in the gage section of the
test specimen, however, produced failure at ambient temperature in Zr-2 specimen at applied loads
corresponding to 80% and 85% of its yielding load (YL) value, as shown in Table V. It is interesting to
note that failure was also observed in Zr-4 at ambient temperature at an applied load of 80% of the
material's yield load. Failure was also observed with Zr-2 in the 90°C acidic solution at an applied load
equivalent to 80% of this material's yield load value. No failures were observed at reduced applied
loads. Data presented in Table V are reproduced in Figures 4-7 showing the threshold load values
below which no failure may occur in specific environments using notched specimens.
The results of SSR testing using both smooth and notched tensile specimens of Zr-2 and Zr-4 are
shown in Tables VI and VII, respectively. These data indicate that the magnitude of cjf was gradually
reduced for both alloys at 60°C and 90°C, compared to those at ambient temperature, as expected.
However, the TTF and the ductility parameters (%E1 and %RA) were enhanced to some extent at the
elevated temperatures, possibly due to the increased ductility at these temperatures. The synergistic
effect of pH and temperature on %E1 and TTF for smooth and notched specimens of Zr-2 is illustrated
in Figures 8-11. The effect of temperature on the resultant stress-strain diagrams for Zr-4 in air and
SAWM environment is illustrated in Figure 12 showing enhanced %E1 and TTF, but reduced Of at
higher testing temperatures. A similar effect of temperature on ductility parameters for zirconium
alloys has also been reported in the open literature.
The results of SSR testing using smooth specimens of Zr-4 in the acidic solution at 60°C and 90°C
under controlled potentials (Econt) of -826 mV and -950 mV are shown in Figures 13 and 14,
respectively. Analyses of these data indicate that for Zr-4, the TTF and ductility in terms of %E1 was
reduced due to cathodic charging thus, showing the detrimental effect of hydrogen generated during
cathodic potentiostatic polarization on these parameters. Since this alloy became more brittle due to the
diffusion of hydrogen at elevated temperatures, the true failure stress (of) was slightly increased, as
shown in these two figures.
The results of CPP tests are shown in Table VIII. Analyses of these data indicate that no consistent
pattern can be established on the effects of temperature (30°C, 60°C and 90°C) and pH (neutral versus
acidic) on either the corrosion potential (ECOIT) or the critical pitting potential (Epit). Typical ambient
temperature polarization diagrams for Zr-2 in neutral and acidic solutions are superimposed in Figure
15. These data, however, exhibit some consistence in that both Ecorr and Epjt became more noble
(positive) in the neutral solution compared to those in the acidic solution, as expected. No localized
attack was observed in the polarized specimens. They only showed general dissolution.
Metallographic evaluation of the failed tensile specimens (smooth and notched) by optical microscopy
did not exhibit any secondary cracking along their gage sections. Figure 16 shows a metallographic
picture of the primary failure of a notched Zr-2 specimen tested in SAWM environment at ambient
temperature using an applied load of 80% of this material's yielding load under constant loading
condition. Fractographic evaluation of broken specimens by SEM revealed dimpled microstructure
(Figures 17 and 18) indicating ductile failure.
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Electronic data were controlled by Subhas Pothana and Heidi Aquino. These files were transferred,
stored, and backed-up on zip disks and/or a password-protected network server. Upon the completion
of the transfer and manual data entry, the data was checked to verify that it had not been lost or
corrupted.
Table IV
Results of Constant-Load SCC Tests Using Smooth Specimens
Test No.
CL-1
CL-2
CL-9
CL-10
CL-1 7
CL-1 8
CL-25
CL-26
CL-33
CL-34
CL-41
CL-42
CL-49
CL-50
CL-57
Cl-58
Material / Heat No.
Zr-2/ 242831
Zr-2/ 242831
Zr-2/ 242831
Zr-2/ 242831
Zr-2/ 242831
Zr-2/ 242831
Zr-2/ 242831
Zr-2/ 242831
Zr-4/243195
Zr-4/243195
Zr-4/243195
Zr-4/243195
Zr-4/243195
Zr-4/243195
Zr-4/243195
Zr-4/243195
Environment Tested
Temperature (°C)
27
27
27
27
90
90
90
90
90
90
27
27
27
27
90
90
PH
7.22
2.22
7.22
2.22
7.25
2.22
7.25
2.22
6.23
2.09
6.23
2.53
6.23
2.09
6.46
2.53
Applied Stress
%YS
95
95
90
90
95
95
90
90
95
95
90
90
95
95
90
90
ksi
50.59
50.59
47.93
47.93
50.59
50.59
47.93
47.93
47.31
47.31
44.82
44.82
47.31
47.31
44.82
44.82
Results
NF
NF
NF
NF
NF
NF
NF
NF
NF
NF
NF
NF
NF
NF
NF
NF
YS: Yield Strength
NF: No Failure
Data Source: DID #032HA.001
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Table V
Results of Constant-load SCC Tests using Notched Specimens
Test No.
CL-lNa
CL-1N
CL-2N
CL-9N
CL-10N
CL-17N
CL-18N
CL-26N
CL-33N
CL-34N
CL-41N
CL-42N
CL-49N
CL-50N
CL-65N
CL-66N
CL-67N
Material / Heat
No.
Zr-2/242831
Zr-2/242831
Zr-2/242831
Zr-2/242831
Zr-2/242831
Zr-2/242831
Zr-2/242831
Zr-2/242831
Zr-4/243195
Zr-4/243195
Zr-4/243195
Zr-4/243195
Zr-4/243195
Zr-4/243195
Zr-2/242831
Zr-2/242831
Zr-2/242831
Environment Tested
Temperature (°C)
27
27
27
27
27
90
90
90
27
27
27
27
90
90
90
90
90
pH
6.93
6.51
2.36
8.01
2.00
1.98
1.99
2.00
6.51
2.36
5.99
2.00
5.99
1.99
2.76
2.76
2.00
Applied Load
%YL
85
80
80
75
75
80
80
75
80
80
75
75
80
80
65
60
70
Pf(lbs)
1954
1838
1838
1724
1724
1838
1838
1724
1911
1911
1792
1792
1911
1911
1494
1379
1609
Results
TTF
.5hr
NF
24.6 hr
NF
NF
NF
0.2
NF
.3hr
NF
NF
NF
NF
NF
NF
NF
NF
%E1
0.85
—
0.25
—
—
—
0.9
—
0.05
—
—
—
—
—
—
—
—
Pf: Failure Load
%YL: Percent Yield Load
NF: No failure
TTF: Time-to-Failure
%E1: Percent Elongation
Data Source: DID #032HA.001
Title: Delayed Hydride Cracking of Spent Fuel Cladding under Repository Conditions
Document No.: TR-03-010/Rev. 0 Page: 9 of 16
on
on i
G~ 7r>> '° •
s? fin -
"5 *sn
o
—i 40
<I> -3f\.
a. 70 -w
m -
n
•»
»•»
V27CJ
• 90C
0 200 400 600 800
Time-to-Failure (hr)
°fi
(
84
S? P.9
13
o an
•o
* 78a. 7B
a
< 76 .
74
>
«—
»27C
• 90C
0 200 400 600 800
Time-to-Failure (hr)
Figure 4. Applied Load vs. TTF for Notched Zr-2
in Acidic Solution
Figure 5. Applied Load vs. TTF for Notched
Zr-2 in Neutral Solution
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Figure 6. Applied load vs. TTF for Notched Zr-4 in Figure 7. Applied Load vs. TTF for Notched
Acidic Solution Zr-4 in Neutral Solution
Figures 4-7. Data Source: DID #032HA.001
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Table VI
Results of Slow-Strain-Rate SCC Tests using Smooth Specimen
Material/
Heat No
Zr-2/ 242831
Zr-4/ 242731
Environment
SAW
SAW
SAWM
SAWM
SAWM
SAW
SAW
SAWM
SAWM
SAWM
Temperature
30°C
90°C
30°C
60°C
90°C
30°C
90°C
30°C
60°C
90°C
af(ksi)
89.50
83.81
92.38
80.33
67.97
89.24
87.56
95.78
73.32
65.00
%E1
26.07
32.55
25.38
29.80
30.98
31.26
36.75
30.10
37
38.65
%RA
47.47
54.53
48.78
51.63
50.43
49.62
52.48
51.76
49.91
50.52
TTF (hr)
24.97
28.87
24.86
25.83
28.93
28.59
32.76
28.10
33.43
33.07
Data Source: DID #032SP.001
Table VII
Results of Slow-Strain-Rate SCC Tests using Notched Specimen
Material/
Heat No.
Zr-2/ 243 528
Zr-4/ 243 195
Environment
SAW
SAW
SAWM
SAWM
SAW
SAW
SAWM
SAWM
Temperature
Ambient
90°C
Ambient
90°C
Ambient
90°C
Ambient
90°C
Of
(ksi)
84.29
50.46
84.27
55.71
91.26
52.38
88.85
60.96
%E1
2.27
3.52
1.95
3.4
1.82
3.1
2
2.87
%RA
3.48
8.44
3.73
15.26
3.08
4.06
4.1
11.89
TTF
(min)
200
218
179
218
179
205
185
208
Data Source: DID #032SP.001
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Figure 8. %E1 as a function of pH for smooth
Zr-2
Figure 9. %E1 as a function of pH for
Notched Zr-2
Figure 10. TTF as a function of pH for smooth
Zr-2
Figure 11. TTF as a function of pH for
Notched Zr-2
Figures 8-11. Data Source: DID #032SP.001
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Figure 12. Effect of Temperature on the Stress -Strain Diagram for Zr-4 in SAWM
Environment
Data Source: DID #032SP.001
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Figure 13. Effect of ECOnt on the Stress-Strain Diagram for Zr-4 in 60°C SAWM
Environment
Data Source: DID #032SP.001
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Figure 14. Effect of Econt on the Stress-Strain Diagram for Zr-4 in 90°C SAWM
Environment
Data Source: DID #032SP.002
Table VIII
Results of Cyclic Potentiodynamic Polarization Tests
Material/
Heat No
Zr-2/ 242831
Zr-4/ 242731
Environment
SAWM
SAW
SAWM
SAW
Temperature (°C)
30
60
90
30
60
90
30
60
90
30
60
90
Scan
Rate
(mV/sec)
0.166
0.166
0.166
0.166
0.166
0.166
0.166
0.166
0.166
0.166
0.166
0.166
Ecorr,mV
(Ag/AgCl)
-571
-417
-390
-332
-784
-753
-122
-524
-650
-586
-481
-365
Epit , mV
(Ag/AgCl)
282
704
550
343
283
175
360
137
913
275
322
99
Data Source: DID #032SP.002
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Figure 15. Comparison of CPP Data in Neutral and Acidic Environments for Zr-2
Data Source: DID #032SP.002
Figure 16. Metallographic View of the Primary Failure of Zr-2 in SAWM Solution
at Ambient Temperature (20x)
Data Source: DID #032SP.001
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Figure 17. Comparison of Failure Modes of Zr-2
in SAW & SAWM Environments at
90°C in SSR Tests.
Figure 18. Comparison of Failure Modes Zr-4 in
SAW & SAWM Environments at
90°C in SSR Tests
Figures 15-18. Data Source: DID #032SP.002
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Summary and Conclusions
Smooth and notched tensile specimens of Zr-2 and Zr-4 were tested to evaluate their SCC resistance in
two aqueous environments of different pH values at ambient and elevated temperatures by using
constant-load and SSR techniques. A limited number of SCC tests were also performed under SSR
condition at different Econt values. The morphology of the primary failure in all broken specimens was
analyzed by SEM. The localized corrosion susceptibility was evaluated by electrochemical polarization
technique. Duplicate experiments were performed under identical conditions showing repeatability
with no significant variations. The significant conclusions drawn from this investigation are
summarized below:
• No failure was observed with smooth Zr-2 and Zr-4 specimens in constant-load tests. However,
failures were observed at reduced applied loads using notched tensile specimens. No secondary
cracks were observed by optical microscopy.
• Both CTm and Of were gradually reduced with increasing temperature from ambient to 90°C in
SSR tests. However, the TTF and the ductility parameters were increased at the elevated test
temperatures, indicating enhanced ductility. The application of controlled cathodic potentials
during the SSR testing further reduced these parameters showing the detrimental effect of
hydrogen charging.
• The Ecorrand Ep;t values for Zr-2 in 30°C SAWM environment were more anodic (negative) due
to the acidic pH. However, no consistent pattern on the effects of temperature on these critical
potentials was observed.
• The primary failure mode of all broken specimens was ductile showing dimpled
microstructures.
